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During the  period covered 

mass spectrometric methods f o r  

of traces of organic  compounds 

materials has been continued. 

by this report, the develograseet a% 

t h e  de t ec t ion  and cha rac t e r i za t ion  

i n  terrestrial and extraterrestrial 

Emphasis was placed on t h e  design of instrumentation; devel- 

opment of procedures for obtaining the  mass spectra; development 

of computer techniques t o  t r e a t  and i n t e r p r e t  t h e  data and, f i n a l l y ,  

t e s t i n g  the prucadures on terrestrial and extraterrestrial samples 

(meteorites) , 

Based on previous work f r o m  our l abora tory  ( i n  part carried 

out  w i t h  t h e  support of NASA grant  NsG 211-621, mass spectrometry 

s e e m s  t o  have emerged as  the  m o s t  promising technique for t h e  

i n v e s t i g a t i o n  of terrestrial or e x t r a t e r r e s t r i a l  material for  

organic  compounds, mainly because of t w o  of its a t t r i b u t e s :  F i r s t ,  

it is m o s t  genera l ly  appl icable  s i n c e  any molecule has a specific 

mass and t h e  i n t e r p r e t a t i o n  of t h e  data does not depend on com- 

par i son  w i t h  a known system. Second, it is extremely s e n s i t i v e ,  

* 

presen t ly  r equ i r ing  only f r a c t i o n s  of a m i c r o g r a m ,  This  range 

c e r t a i n l y  could be pushed downwards a f e w  orders of magnitude i f  

need be, 

These t w o  aspects are extremely important for t h e  probl;em 

a t  hand, s i n c e  one has t o  be prepared t o  f i n d  substances that  
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differ f r o m  those known on e a r t h  and which also may be present  i n  

extremely small q u a n t i t i e s .  The only l i m i t a t i o n  of mass spectro- 

metry is t h e  necess i ty  of a c e r t a i n  minimum vapor pressure  

(-10-6 mm) and thermral s t a b i l i t y .  

polymeric or highly polar Compounds as  such, but ways can be found 

(pyro lys i s ,  chemical conversion) t o  make these amenable too. 

Fortunately,  i n  t h e  explorat ion of a completely new system, such 

a s  another  p lane t ,  t he  compounds e x h i b i t i n g  a s u f f i c i e n t  vapor 

pressure would anyway be of extreme i n t e r e s t  and be r ep resen ta t ive  

Th i s  e l imina te s  work on 

of t h e  v a s t  majority.  

It  should again be stressed t h a t  t he  m a s s  spectra are d i r e c t l y  

related t o  chemical s t r u c t u r e  and t h i s  independence from t h e  

a v a i l a b i l i t y  or even ex is tence  of comparison samples is one of t h e  

m o s t  important advantages of mass spectrometry i n  t h i s  f ie ld .  I t  

is even not restricted to the type  of 17urganic" molecules we a r e  

used to,  because t h e  preponderance of t h e  e lements  C, H, N, 0, S, 

etc. is not a p r e r e q u i s i t e .  For example, t h e  spectrum of a s i l i c o n e  

compound i n  which the "chain" is not C-C-C. . . . but Si-0-Si-&Si. . . . 
has groups of peaks 74 mass u n i t s  r a t h e r  than 14 mass u n i t s  apart 

((CH3)2SiO rather than  CH2). Furthermore, it e x h i b i t s  t h e  t y p i c a l  

triplet p a t t e r n  of peaks, due t o  the  appreciable abuddance of t h e  

heavy s i l i c o n e  isotopes (mSi and 30Si). 

In t h e  simplest case (low organic  conten t ,  c o n s i s t i n g  of 

simple compounds) t h e  f i n e l y  ground specimen is placed d i r e c t l y  

i n t o  t h e  ion  source of t h e  mass spectrometer and s l o w l y  heated. 

Spectra are recorded continuously during t h e  vapor iza t ion  of t h e  

organic  materials present  i n  the sample. T h i s  technique g ives  

good r e s u l t s  (see t h e  la ter  example, Eolbrook meteorite) but for 
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substances richer i n  organics too complex 

In  such cases  some f r ac t iona t ion  has 

spectra are obtained. 

t o  be accomplished i n  

order t o  obtain a set of spec t ra  of simpler mixtures,  or, i d e a l l y ,  

pure compounds . 
Beyond crude thermal f r ac t iona t ion  (cont ro l led  vaporizat ion) ,  

gas chromatography offers p rope r t i e s  which s i n g l e  it out  from a l l  

other separation techniquesi It is unique i n  its cmpat fh i l i ty  

with mass Spectrometry. I t  is a highly s e n s i t i v e  technique, and 

its l i m i t a t i o n s  are of t he  same types  a s  those  of mass spectro- 

metry: v o l a t i l i t y  and thermal s t a b i l i t y  of t h e  sample. The 

v o l a t i l i t y  requirements are somewhat more severe fo r  gas  chroma- 

tography, and t h i s  assures tha t  any compound which passes  through 

a gas chromatographic column is amenable t o  mass spectrometry. 

A technique had been previously developed’ and w a s  fur ther  

improved during t h i s  grant  period, which p e r m i t s  the  direct 

connection of a gas chromatograph t o  the  mass spectrometer. T h i s  

technique, t h e  d e t a i l s  of which w i l l  be discussed la ter  i n  

connection w i t h  an a c t u a l  example, p e r m i t s  t h e  recording of t h e  

mass spec t ra  of ind iv idua l  components of a mixture. I n  very 

complex systems even gas chromatographic sepa ra t ion  may not be 

complete, but f r a c t i o n s  obtainable  cons i s t  then a t  m o s t  of a f e w  

components and the  r e s u l t i n g  spectrum is still in t e rp re t ab le .  

Our work on high-resolution mass spectrometry has  been 

continued t o  obta in  much more d e t a i l e d  mass spectrometric da ta ,  

namely t h e  elemental  compositions of t h e  ions  r a t h e r  than merely 

t h e i r  nominal mass. The advantages are obvious: t h e  spectra of 

mixtures can be i n t e r p r e t e d  with much g r e a t e r  c e r t a i n t y ,  and t h e  

elements present  are revealed. The penal ty  for t h i s  i nc rease  i n  
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information content is t h e  increased complexity of t h e  da ta  

(s ix  s i g n i f i c a n t  numbers for each mass in s t ead  of three). The 

e f f i c i e n t  use of t h i s  more complete information r equ i r e s  a com- 

put  er 

The technique was first tested q u i t e  exhaust ively w i t h  

terrestrial sediments and then  appl ied  t o  t w o  meteorite samples4. 

One of these has a very l o w  content of organic  ma te r i a l  and w a s  

selected as an example showing t h e  u t i l i t y  of t h e  technique a s  a 

speedy survey test  for quant i ty  and type of organics  present .  

The second one (Murray) contained more and w a s  used t o  represent  

a case where m o r e  d e t a i l e d  information on t h e  l a r g e r  amounts of 

organic  compounds are des i red  and obtainable.  

represented  specimens of a longi tudina l  core dr i l led  through a 

s tone.  Only One core segment of each is disccused i n  t h i s  progress 

report, 

Both samples 

D e t a i l s  were presected a t  a amber of spec ia l i zed  meetings5. 

A s  a r ep resen ta t ive  of a mate r i a l  containing very l i t t l e  organic  

m a t e r i a l  a sample of Holbrook meteorite (a non-carbonaceous chon- 

drite) w a s  examined. About 0.1OOg of powdered ma te r i a l  represent ing  

an i n t e r n a l  reg ion  of a core d r i l l e d  through t h e  s tone  w0re c a r e f u l l y  

placed near t h e  ion iz ing  region of t h e  i o n  source of t he  high 

r e s o l u t i o n  mass spectrometer. A f t e r  evacuation of t h e  system, 

t h e  sample w a s  slowly heated while  cons tan t ly  recording the  i o n s  

produced by t h e  e l e c t r o n  beam from any ma te r i a l  vaporizing out of 

t h e  sample a t  t h a t  temperature and pressure mm). 

The top of Fig. 1 represents t h e  mass spectrum ( i n  t e r m s  of 

t h e  elemental  composition of t he  ions  formed3) of t h e  products 

evolved a t  temperatures between 25 and 153%. 

(the lower l i m i t  of t h i s  run) only t w o  hydrocarbon ions  

Above m a s s  50 
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(CqH7+ and CGHG+) a r e  found, and these a r e  of very l o w  abundance 

( the  asterisks represent  2.7 x log of r e l a t i v e  abundance). One 

species containing oxygen (C&of) and another containing s u l f u r  

(C5H#) a r e  a l so  recorded (X s t ands  for  S i n  Figs. 1 and 3). 

These represent  extremely small  t r a c e s  of mater ia l ,  i nd ica t ing  

tha t  p r a c t i c a l l y  nothing emanates i n  t h i s  range. 

A t  higher tern-peratures (153 - 3OO0C, bottom of Figure 1) 

evolu t ion  of carbon containing ma te r i a l  becomes q u i t e  pronounced. 

Examination of t h e  compositions of t h e  hydrocarbon ions  i n d i c a t e s  

t h e  presence mainly of hydrocarbons of var ious degrees of s a t u r a t i o n  

and up t o  s i x  or seven carbon atoms a s  w e l l  a s  aromatic systems. 

The l a t t e r  are ind ica t ed  by t h e  high abundance of Cg%* (benzene), 

C743+ (toluene),  C8H10' (xylene or ethyfbenzene) and CSH12+ 

(trimethylbenzene or isomer). I n  add i t ion  t o  these, there are 

oxygenated compounds, m o s t  of which have a high hydrogen content 

and which represent  ketones (e.g, acetone, C3B60, methyl e t h y l  

ketone, C4-O etc.) w i t h  possibly small  amounts of aromatic 

oxygenated ma te r i a l s  (C+I,Ot, benzoyl  from benzoic acid?) present.  

The s u l f u r  containing ions  (CHX represents CHS) are of l o w  hydrogen 

content  and t h u s  aromatic (thiophenes).  It  should be noted that  

n i t rogen  containing species a re  absent,  and so are any o the r  i o n s  

containing ni t rogen,  s u l f u r  and up t o  three oxggens. 

It  is obvious t h a t  t h i s  simple experiment r e v e a l s  t h e  presence 

of a v a r i e t y  of organic  compounds i n  a mate r i a l  previously thought 

t o  conta in  none a t  a l l .  The very l o w  abundance and r e l a t i v e l y  

s i m p l e  compositions makes it unnecessary or even undesirable  t o  

achieve separa t ion  of t h e  components prior t o  t h e i r  reaching t h e  

ion source of t he  spectrometer. 
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Under the  same conditions t h e  much l a r g e r  amount of "organic" 

m a t e r i a l  present  i n  a c l a s s  I1 carbonaceous chondri te  gave a highly 

complex spect~um, i nd ica t ing  t h e  rzeed for s impl i f i ca t ion  t o  a set 

of less complex systems. 

The s c a r c i t y  of the  material as w e l l  a s  t h e  danger of con- 

taminat ion with t e r r e s t r i a l  substances r e q u i r e s  direct coupling 

of t h e  vaporizat ion,  separat ion,  anti mass s p e c t r a l  steps without 

intermediate  handling of t h e  sample. 

The equipment schematically i l l u s t r a t e d  i n  Fig.  2 is used for 

t h i s  purpose4. 

a helium stream. The emanating vapors a r e  c a r r i e d  i n t o  a cooled 

U-tube and condensed. A f t e r  10-30 minutes t h e  U-tube is heated 

suddenly t o  300°, f lush ing  t h e  condensate o n t o  t h e  gas chromato- 

graphic  column for separat ion.  The c a r r i e r  gas  (and e l u t e d  f r a c t i o n s )  

emerging f r o m  t h e  column enter t h e  "helium separator" ,  a vacuum 

jacke ted  f r i t t e d  g l a s s  tube'. 

t h e  wal l s ,  whi le  t h e  r e l a t i v e l y  heavier compound molecules a r e  

mostly carried through t h e  t u b e  and t o  t h e  i o n  source. After 

i o n i z a t i o n  by t h e  e l ec t ron  beam, t h e  i o n s  formed pass  through t h e  

e l e c t r o s t a t i c  f i e l d  for ve loc i ty  focusing and a small  f r a c t i o n  of 

t h e m  strikes a collector a t  t h a t  po in t ,  The s i g n a l  generated by 

The powdered sample is placed i n  t h e  furnace i n  

Most uf t h e  helium passes  through 

t h i s  collector is used t o  p lo t  t h e  "chromatogram" much as  any gas  

chromatographic detector does. The majori ty  of t h e  ions,  however, 

e n t e r  t he  magnetic f i e ld .  They a r e  separated according t o  t h e i r  

mass whi le  t r a v e r s i n g  t h i s  f ie ld  and a r e  recorded on a photographic 

p la te  placed i n  t h e  f o c a l  plane. A f t e r  each f r a c t i o n  t h e  p l a t e  is 

advanced v e r t i c a l l y  by  t h e  height of t h e  ion  beam t h u s  enabl ing 

u s  to record t h e  complete spec t ra  of s i x t y  consecutive regions of 
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t h e  gas chromatogram. 

A t  t he  end of the  experiment t h e  p la te  is removed from t h e  

instrument,  developed, and densi t ies  and p o s i t i o n s  of t h e  recorded 

l i n e s  are measured by an automatic comparator generat ing t h e  data 

i n  computer compatible f o r m .  To p e r m i t  c a l cu la t ion  of accurate 

masses, a mass c a l i b r a t i o n  compound (fluorocarbon) is continuously 

fed into the  ion  source, giving rise to recognizable l i n e s  of 

exac t ly  known mass. A sophisticated computer program accomplishes 

a l l  t h e  da ta  processing and c a l c u l a t e s  t h e  elemental  compositions 

of a l l  t h e  ions  formed'. 

Figure 3 shows t h e  gas chromatogram recorded when passing 

t h e  ma te r i a l  which vaporized (temperature range 136 - 25OoC) out  

of 0.3240: of powdered Murray meteorite (a t y p e  11 carbonaceous 

chondrite).  

resolved even by t h e  gas chromatograph. Twenty e ight  consecutive 

s p e c t r a  w e r e  taken (as ind ica ted  by t h e  v e r t i c a l  l i n e s )  and 

i n t e r p r e t e d  . 

It c l e a r l y  ind ica t e s  a very complex mixture incompletely 

As an example, t h e  spectrum of f r a c t i o n  5 is shown i n  Fig. 4. 

The m o s t  abundant ions are C7H7+, CSHlO+, CgHgS+, cgH7S+ and CgH@. 

There is no doubt t ha t  these are due t o  t h e  presence of xylene 

( or e t h y l  benzene, t h e s e  p a r t i c u l a r  isomers are very d i f f icu l t  to 

d i s t i n g u i s h  m a s s  spectrometr ical ly)  and methyl thiophene. There 

a r e ,  however, s o m e  hydrocarbon i o n s  of a hydrogen content higher  

than  aromatics (e.g. C5%+, C7H13+ and CsH13+) corresponding t o  

fragments of t r a c e s  of mono- and/or d io le f ines  w i t h  more than  

eight carbon atoms. 

S imi la r  a n a l y s i s  of t h e  spec t r a  obtained from t h e  other f r a c t i o n s  

led t o  t h e  t e n t a t i v e  i d e n t i f i c a t i o n s  of t h e  compounds listed i n  



Table 1. These results a r e  q u i t e  remarkable, consider ing t h a t  

they  represent a s i n g l e  experiment on a t h i r d  of a gram of 

meteorite ( the  v o l a t i l e s  represented by t h e  chromatogram a r e  

probably i n  the  order of a hundred micrograms). 

The data are much too preliminary t o  embark on a specula t ion  

as  the origin of these substances. 

indigenous it would be premature t o  say whether they are a b i o t i c  

products  or t h e  r e s u l t  of l i v i n g  organisms. The lack of ni t rogen  

While they  are m o s t  l i k e l y  

containing i o n s  is, however, su rp r i s ing ,  a s  w e l l  as  t h e  apparent ly  

r e l a t i v e l y  high abundance of unbranched hydrocarbons (a t  least  

in t h e  C12 - C20 region) a s  judged from the  t a l l  peaks in the 

chroaurt ogram. 

The above d iscuss ion  po in t s  out that  these techniques 

s u b s t a n t i a l l y  advance our c a p a b i l i t y  i n  d e t e c t i n g  and cha rac t e r i z ing  

minute amounts of organic  substances i n  e x t r a t e r r e s t r i a l  material 

a v a i l a b l e  on earth. I t  a l s o  p e r m i t s  u s  t o  ex t r apo la t e  t o  what can 

be best achieved by a miniaturized instrument operated automatical ly  

and remotely. The construct ion of small  mass spectrometers of a 

r e so lv ing  power f o r  d i s t inguish ing  i n t e g r a l  masses is within t h e  

s t a t e  of t h e  a r t  and small automated gas  chromatographs have been 

developed already s o m e  t i m e  ago i n  connection w i t h  t h e  Surveyor 

program'. Thei r  combination fol lowing t h e  p r i n c i p l e s  ou t l ined  

above should be possible. The remaining problems t o  be solved 

concern the  sample acqu i s i t i on  and t h e  pumping system, not only 

for  t h e  operat ion of t h e  mass spectrometer but a l s o  for  t h e  

removal of t h e  carrier gas. 

The large amount of data  generated,  even by a spectrometer 

of moderate r e so lv ing  power, might tax t h e  te lemet ry  c a p a b i l i t y  
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over large d is tances .  Programmed on-site s e l e c t i o n  of the  m o s t  

useful po r t ion  of t h e  data ,  or ul t imate ly ,  automatic i n t e r p r e t a t i o n  

of the  da ta  and t ransmission of t h e  r e s u l t s  only w o l t l d  be a 

logical approach. 
W i t h  t h i s  i n  mind, we a r e  continuing our efforts 8-11 of 

direct cmnputer i n t e r p r e t a t i o n  of mass spectrometric data, i n  order 

t o  apply them ta the  interpretation of the spectra obtained from 

meteorite samples. 

A more h ighly  automated comparator has  been developed'' t o  

cope e f f e c t i v e l y  w i t h  t h e  many hundreds of high r e so lu t ion  m a s s  

spectra recorded i n  t h e  course of t h i s  work. 

a t  

1. 

2. 

3. 

4. 

5. 

A paper descr ib ing  t h i s  work which present ly  was only discussed 

meetings 5,12 is i n  preparation. 
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ELEMENT M A P 5 3 7 - 1 3 - 1  HOLBROOK CORE 4, 25-153 J-H- 
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ELEMENT MAP537-14-1 HOLBROOK CORE 4 ,  153-300 J.H. 
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C HO CHNO 

F i g .  1.. High r e s o l u t i o n  mass spectrum ( a s  e lemental  compositions) 
of organic  mater ia ls  I n  Holbrook chondrite (see t e x t ) .  
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